Drug-induced QT prolongation is a serious clinical issue in developing novel drug candidates and marketing drugs. A major cause of QT prolongation is direct inhibition of human ether-à-go-go-related gene (hERG) channels. Reduction in repolarization-related channel expression levels on plasma membranes is another mechanism that induces QT prolongation. Recently, we established a system for assessing the risk of QT prolongation by using human embryonic stem cell-derived cardiomyocyte clusters (hES-CMCs) in which the field potential duration (FPD) or corrected FPD (FPDc) was measured as an indicator of drug-induced QT interval prolongation. Here, we examined whether this system was able to detect FPDc prolongation caused by pentamidine or probucol, both of which can induce QT prolongation after long-term treatment. hES-CMCs were treated with pentamidine or probucol, and the FPDc of the same clusters was measured 10 min, 4 h, and 24 h after the start of treatment. Concentration-dependent FPDc prolongation was observed at 24 h, but not at 10 min, with pentamidine or probucol treatment. These results suggest that the hES-CMC-based assessment system can be used to detect both acute (at 10 min) and delayed (at 24 h) QT prolongation risk on the same platform by simple alteration of the extended culture period.
Introduction
QT prolongation, torsades de pointes (TdP), and arrhythmias are serious problems in the development of novel drug candidates and the marketing of drugs. Inhibition of human ether-à-go-go-related gene (hERG) channels, which conduct I Kr currents, is the mechanism most frequently involved in these episodes and is the most important target of safety assessment in drug development. Pharmaceutical companies have therefore been using hERG channel-overexpressing cells-that is, hERG assays-to screen drug candidate compounds for hERG channel inhibition. Besides hERG channel inhibition, loss of function of I Ks channels, which are composed of KCNQ1 (KvLQT1) and KCNE1, is a well-known trigger of QT prolongation [1] . There are two main mechanisms by which these QT-related channels are involved in drug-induced QT prolongation: one is by direct action on the channels (e.g. inhibition of hERG channels through binding of E-4031 to the channels [2] ), and the other is indirect (e.g. inhibition of hERG channel trafficking by pentamidine [3] or reduction of surface membrane expression of KCNQ1 by probucol [4] ). The latter mechanisms cause QT prolongation in chronic drug treatment.
We recently established an in vitro system that uses human embryonic stem cell-derived cardiomyocyte clusters (hES-CMCs) to assess the potential of compounds to influence QT intervals [5] . In this hES-CMC system, we record the field potential duration (FPD) (i.e. the QT-like interval) of clusters treated with a compound; we then calculate the corrected FPD (FPDc) and examine whether or not the compound prolongs FPDc. In our previous study, we evaluated E-4031, cisapride, and dl-sotalol as reference hERG channel blockers, and these compounds manifested acute FPDc prolongation [5] . However, there have been few reports assessing compounds that can cause QT prolongation through the indirect mechanisms above-mentioned by using FPDc as a parameter for QT prolongation. Therefore, in the next stage of our research, we set up a platform to assess the potential for QT prolongation by indirect mechanisms. Here, we report the effects of pentamidine and probucol on FPDc of hES-CMCs in culture for a long period. We show the usefulness of the system for evaluating compounds with direct or indirect effects on repolarization-related channels. We also demonstrate the possible interaction of multiple repolarization-related channels.
Materials and Methods

Chemicals and Reagents
Pentamidine isethionate and probucol were purchased from Wako Pure Chemical Industries, Ltd. (Osaka, Japan). Cisapride was obtained from Sigma-Aldrich (St. Louis, MO). Pentamidine and cisapride were dissolved in dimethyl sulfoxide (DMSO; Sigma-Aldrich) at 10 mM as stock solutions. Probucol was dissolved in 99.5% ethanol (Wako Pure Chemical Industries) at 10 mM as a stock solution.
Dulbecco's modified Eagle's medium (DMEM) was purchased from Sigma-Aldrich. Non-essential amino acids (100×, NEAA), 100× penicillin/streptomycin solution, and β-mercaptoethanol (55 mM) were purchased from Invitrogen (Carlsbad, CA). Fetal bovine serum (FBS) was obtained from Equitech-Bio (Kerrville, TX).
Use of 24-h hES-CMC Treatment to Assess the Potential of Compounds to Influence QT Interval
The basic method has been described in detail by Yamazaki et al. [5] . hES-CMCs (hES-CMC002) were obtained from Cellectis AB (formerly Cellartis AB; Göteborg, Sweden) and incubated in DMEM supplemented with 1× NEAA, 1× penicillin/streptomycin, 0.1 mM β-mercaptoethanol, and 20% heat-inactivated FBS at 37˚C in a 5% CO 2 incubator. The clusters were adhered to the electrodes of the probes (MED-P515A; Alpha MED Sciences, Osaka, Japan) of a MED64 System, a multielectrode device for recording field potentials. The preparations were placed on a hot plate at 37˚C and covered with a lid, through which aeration with 95% O 2 /5% CO 2 gas was performed. Initially the clusters were treated with cisapride (a hERG channel blocker) at 100 nM, and their FPDs, inter-spike intervals (ISIs), and beat frequencies were recorded with the MED64 System with its own software (Mobius QT; Alpha MED Sciences). The FPDs with the vehicle and cisapride treatments were measured for 10 min. The last 30 FPDs and ISIs of the 10 min-recordings were extracted for analysis. FPDc was calculated according to Fridericia's formula: FPDc = FPD/ISI 1/3 . hES-CMCs showing 5% to 20% FPDc prolongation upon treatment with 100 nM cisapride were selected for the next examination. The washout period was 7 days.
Before the addition of pentamidine or probucol, clusters were treated with vehicle (0.1% DMSO in the case of the pentamidine groups or 0.1% ethanol for the probucol groups) to obtain pre-values (pre-treatment). hESCMCs were then treated with pentamidine (1, 3, or 10 µM), probucol (0.1, 0.3, 1, 3, or 10 µM), or vehicle (DMSO for the pentamidine groups or ethanol for the probucol groups; final concentrations were 0.2% for both).
In this assay, we cultured the clusters in DMEM supplemented with 20% heat-inactivated FBS, 1× penicillin/streptomycin, 1× NEAA, 0.1 mM β-mercaptoethanol, 50 mM NaCl, and 15 mM NaHCO 3 , adjusted to pH 7.2 with 1 N NaOH. FPDs, ISIs, and beat frequencies were recorded at pre-treatment and 10 min, 4 h, and 24 h after the addition of each compound. The assessment flow is depicted in Figure 1 .
Confirmation of Responsiveness of hES-CMCs to Cisapride after 24-h Vehicle Treatment
To exclude the effects of 24-h vehicle treatment (0.2% DMSO or 0.2% ethanol) on hERG channel function, we treated the 24-h vehicle-treated clusters with cisapride at 100 nM for 10 min to confirm that they showed FPDc prolongation through the hERG channel-blocking action of this drug.
Statistical Analysis
All values are expressed as means ± S.E.M. A two-tailed paired Student's t-test was conducted to analyze changes in FPDc. p values less than 0.05 were considered significant.
Results and Discussion
In the vehicle-treated groups (0.2% DMSO for the pentamidine-treated groups, or 0.2% ethanol for the probucol-treated groups) there were no significant changes in FPDc at the 10-min or 4-and 24-h treatment points ( Tables 1 and 2 ). Clusters treated with 0.2% DMSO or 0.2% ethanol for 24 h responded to cisapride at 100 nM: at the 24-h vehicle treatment point, FPDc was prolonged by 22.1 ± 4% in the 0.2% DMSO-treated clusters (p Figure 1 . Scheme for using human embryonic stem cell-derived cardiomyocyte clusters (hES-CMCs) to assess the potential of compounds to cause acute or delayed QT prolongation. hES-CMCs were treated with cisapride at 100 nM and their field potential duration (FPD), inter-spike intervals (ISIs), and beat frequencies were measured to select clusters appropriate for the assessment. Clusters with 5 to 20% corrected FPD (FPDc) were chosen. After 7 days' washout, the clusters were treated with pentamidine (1, 3, or 10 µM), probucol (0.1, 0.3, 1, 3, or 10 µM), or vehicle (dimethyl sulfoxide in the case of pentamidine, or ethanol in the case of probucol). FPD, ISIs, and beat frequencies were measured at pre-treatment and 10 min, 4 h, and 24 h after addition of the compound or vehicle. Blue arrows indicate the time at which a compound or vehicle was added, and red triangles indicate the times at which FPD was measured. < 0.05, n = 4) and by 21.1 ± 3.5% in the 0.2% ethanol-treated clusters (p < 0.01, n = 4). These findings suggested that neither 24-h 0.2% DMSO nor 0.2% ethanol treatment impeded hERG channel function. Pentamidine treatment did not cause significant FPDc prolongation at 10 min, except with the 3-µM treatment (p < 0.05, actual values) ( Table 1) . However, this prolongation corresponded to only 2.1% above the pre-FPDc value. Because we regarded >5% prolongation to be of toxicological significance, this degree of prolongation was not considered meaningful. No significant prolongation was observed at 4 h, but a trend in prolongation was seen in the 3 µM group (p = 0.0891, actual values). Clear concentration-dependent FPDc prolongation was detected at 24 h: a trend in prolongation was found with the 1-and 3-µM treatments (p = 0.0755 and p = 0.0753, respectively): two of three clusters showed >10.0% FPDc prolongation in the 1-µM group, and all four clusters showed >8.0% prolongation in the 3-µM group. Significant, prominent prolongation of FPDc was triggered by 10-µM pentamidine treatment (p < 0.05), which gave a 62.0% increase over the pre-value.
Pentamidine has been used to treat Pneumocystis jirovecii pneumonia in patients infected with human immunodeficiency virus [6] . This agent has also been used to treat a variety of parasitic diseases, including trypanosomiasis and leishmaniasis [7] [8] . In clinical use, pentamidine is administered via daily intramuscular injection or intravenous (i.v.) infusion at 4 mg/kg body weight. The plasma maximum concentration (C max ) has been reported as 612 ng/mL (1.8 µM total or 0.54 µM free) within 60 min of 4 mg/kg i.v. injection [9] . QT prolongation, TdP, and tachycardia are well-reported adverse events in treatment with this drug [10] - [13] . Most notably, the majority of TdP episodes have occurred in patients undergoing prolonged pentamidine treatment, instead of immediately following administration [10] [11] [13] - [16] : Wharton et al. reported two cases in which patients developed QT prolongation 20 and 13 days after the start of pentamidine treatment at 4 mg/kg daily [10] .
Kuryshev et al. reported that overnight (16 to 20 h) treatment with pentamidine reduced hERG currents and inhibited trafficking and maturation (full glycosylation) of hERG channels in hERG channel-overexpressing HEK (human embryonic kidney) 293 cells in a concentration-dependent manner; the IC 50 values were 5 to 8 µM [17] . Pentamidine at 10 µM prolonged the action potential duration at 90% repolarization (APD 90 ) in isolated guinea pig ventricular myocytes incubated overnight (24 h). Cordes et al. found that pentamidine inhibited hERG currents directly (IC 50 value, 252 µM) in HEK293 cells stably overexpressing hERG channels; this is far greater than the relevant maximum clinical concentration [18] . They found reduced hERG currents, reduced quantity of hERG polypeptides, and reduced density of hERG proteins on the surface membranes of hERGoverexpressing HEK293 cells treated with pentamidine at 1 or 10 µM for 48 h. Interestingly, Yokoyama et al. showed that acute single i.v. administration of a clinically relevant dose (C max values were estimated to be about 1.7 to 5.0 µM) of pentamidine prolonged corrected QT (QTc) intervals in halothane-anesthetized dogs [19] . They speculated that inhibition of I Kr channel trafficking by pentamidine was caused more acutely than previously expected. But our in vitro study did not indicate clear FPDc prolongation 10 min after the addition of pentamidine at 1, 3, and 10 µM in hES-CMCs, suggesting that a possibility that there is a species difference of sensitivity of hERG channel trafficking by pentamidine.
We observed a trend of FPDc prolongation in hES-CMCs at 24 h upon treatment with pentamidine at 1 (8.2%) or 3 (26.1%) µM. Considering that the plasma C max value of pentamidine is 1.8 µM (total) in men [9] , our results at 1 and 3 µM pentamidine seem reasonable in explaining clinical QT prolongation. On the other hand, we did not expect that pentamidine at 10 µM would prolong FPDc at 24 h to a greater extent (62%) than did hERG channel blockage by cisapride at 100 nM (~20%). (The calculated IC 50 value of cisapride against hERG currents is 13.9 nM in hERG channel-overexpressing cells [20] ). This unexpectedly long prolongation may have been caused by (as yet unknown) mechanisms other than inhibition of hERG trafficking by pentamidine.
With probucol treatment of hES-CMCs there were no significant changes in FPDc at 10 min ( Table 2) . At 4 h there was a significant prolongation of FPDc (p < 0.05 and p < 0.01 for the 3-and 10-µM treatments, respectively, compared with the pre-treatment values), although these prolongations were only 4.2% and 3.1%, respectively, above the pre-values. Significant and >5% FPDc prolongation was observed at 24 h with 0.3-(p < 0.05), 1-(p < 0.05), 3-(p < 0.01), and 10-(p < 0.05) µM probucol treatment.
Probucol is a cholesterol-lowering drug used to treat hyperlipidemia, including familial hypercholesterolemia and xanthoma [21] . Jeon et al. studied the pharmacokinetics of probucol in healthy volunteers who received probucol orally at 250 mg once daily (q.d.), 500 mg q.d., or 250 mg twice a day (b.i.d.) for 14 days [22] . Plasma concentrations reached ~4 µg/mL (7.7 µM) in all groups on day 1 (24 h) and plateaued as follows on day 13: ~6 µg/mL (11.6 µM) in the 250-mg q.d. group, ~8 µg/mL (15.5 µM) in the 500-mg q.d. group, and ~10 µg/mL (19.3 µM) in the 250-mg b.i.d. group. Probucol can cause QT prolongation [23] , and TdP and arrhythmia have been reported in some patients [24] - [26] : Tamura et al. described the case of a hypercholesterolemic female patient receiving 500 mg b.i.d. who experienced two episodes of syncope [26] . Her QTc intervals became prolonged 12 weeks after the start of probucol treatment and decreased to about the baseline value by 6 weeks after its discontinuation.
Guo et al. reported that I Kr currents were reduced in rat neonatal ventricular myocytes (IC 50 = 20.6 µM) and in hERG channel-overexpressing HEK293 cells (IC 50 = 10.6 µM) by 48-h probucol exposure; this reduction was not observed in acute treatment [27] . APD 90 prolongation was observed in rat neonatal cardiomyocytes treated with 30 µM probucol for 24 h. Probucol treatment at 100 µM for 48 h significantly reduced the mature plasma membrane forms of hERG channel protein in hERG channel-overexpressing cells and rat neonatal cardiomyocytes. Furthermore, Guo et al. found that probucol treatment reduced hERG channel expression by accelerating caveolin-1 turnover [28] . More recently, Taniguchi et al. investigated the mechanisms of delayed QT prolongation of probucol by using both KCNQ1-and KCNE1-co-overexpressing CHO (Chinese hamster ovary)-K1 cells [4] . Using these cells, the acute inhibitory effects of probucol at concentrations of 0.003 to 10 µM on I Ks currents were examined. A significant reduction in I Ks currents was found at 0.03 and 0.1 µM, but this reduction was not concentration-dependent. In contrast, probucol significantly reduced the I Ks currents at 0.3 to 1 µM in 2-and 8-h treatments, and at 0.03 to 1 µM in 8-and 24-h treatments. Western blot analysis revealed that the abundance of a multimeric complex of KCNQ1 proteins was diminished after 24 h of treatment with probucol at ≥0.03 µM. Ta-niguchi et al. showed that probucol treatment at 1 to 30 µM for 24 h also inhibited hERG currents in hERG channel-overexpressing CHO-K1 cells, but the inhibitory effect was not concentration-dependent and was very slight (~20% at maximum) [4] . They therefore concluded that probucol inhibited I Ks currents more specifically than I Kr currents.
In consideration of the fact that the clinical concentrations of probucol (~8 to 20 µM) are much higher than those that inhibit I Ks currents (0.03 to 1 µM), QT prolongation and TdP resulting from probucol may be caused by reduced plasma membrane expression of both hERG and I Ks channels. Our study showed that FPDc was significantly prolonged at ≥0.3 µM with 24-h probucol treatment. Taking these findings together, we can speculate that FPDc prolongation at low concentrations (≤~1 µM) of probucol is due to the inhibition of I Ks currents and that prolongation at >1 µM may be a result of combined inhibition of both I Ks and I Kr currents. As formation of a macrocomplex of hERG and KCNQ1 channels on plasma membranes has been reported by Guo et al. [29] , it is likely that the effects of a compound inhibiting both hERG and I Ks channels on QT intervals are additive or synergistic.
Conclusion
We observed FPDc prolongation of hES-CMCs after 24 h of treatment with pentamidine and probucol, both of which prolong QTc intervals in chronic exposure clinically. Application of this experimental protocol to FPDc measurement at 10 min and 24 h should enable us to assess the potential for acute and delayed occurrence of QT prolongation in the same clusters in response to drug candidates, thus saving time and reducing costs.
